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Abstract
We present the latest results of our back contact back silicon heterojunction (BCB-SHJ) solar cells with punctiform
absorber contacts. We discuss the technological challenges and present a basic cell structure reaching an eﬃciency of
(17.1 ± 0.5)% on our BCB-SHJ solar cells. The main loss mechanisms aﬀecting the ﬁll factor and the VOC are identiﬁed
and are found to be avoided by minor process modiﬁcations.
c© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientiﬁc committee of the
SiliconPV 2012 conference.
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1. Introduction
The combination of back-contacting schemes (high short-circuit current density (jSC) potential [1]) with
amorphous/crystalline silicon (a-Si:H/c-Si) heterojunctions (SHJ) (open-circuit voltage (VOC) of 745mV
shown by Kinoshita et al. [2]) oﬀers very high eﬀciency potential. There has been a growing activity
concerning research in the ﬁeld of back-contacted back silicon heterojunction (BCB-SHJ) solar cells over
the last years, since Lu et al. presented the ﬁrst BCB-SHJ solar cell based on an n-type silicon absorber
[3], using an interdigitated back-contact scheme (IBC-SHJ). The highest (not independently conﬁrmed)
eﬃciency for IBC-SHJ has been reported by Ji et al. [4], reaching 22.3% on n-type silicon. Our results of
IBC-SHJ on n-type silicon, ﬁrst presented in [5] and reaching 20.2% were independently conﬁrmed recently
by Fraunhofer ISE CalLab in Freiburg, Germany.
Advanced contacting schemes on p-type silicon have been presented by Stangl et al. [6], incorporating
isolation layers and large area emitter coverage (> 90%). A large emitter coverage is beneﬁcial to prevent
electrical shading [7]. However, the high eﬃciency potential has not been demonstrated experimentally on
these contacting schemes yet. Especially VOC is lacking far behind its high potential as only 582mV have
been reported so far [8]. As the implied VOC of the device prior to metallization is about 680mV [9], it
seems likely that subsequent processing steps such as metallization or annealing after the deposition of the
a-Si:H emitter are causing the loss in VOC.
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In this work, we evaluate which process steps could possibly lead to a degradation of the a-Si:H layers’
passivation quality and examine the impact of critical process steps such as the deposition of aluminium
and annealing steps on the passivation quality of a-Si:H layers. Furthermore, we present the latest results
of PRECASH (point rear contacted amorphous/crystalline silicon heterojunction) solar cells with large
emitter-fraction exhibiting an energy conversion eﬃciency of (17.1 ± 0.5)%.
2. Experimental
2.1. Degradation of a-Si:H passivation due to process conditions
The passivation quality of a-Si:H layers can be reduced during the cell process by various mechanisms.
These are for instance sputter or other damage induced by the metallization process. Also excessive heat
during the deposition of the metal could lead to a degradation, especially when Al is used as metallization
due to the well known exchange with silicon at elevated temperatures. When e-beam metallization is used,
also the occurence of x-rays could lead to a degradation of the a-Si:H/c-Si interface. As e-beam evaporation
of Al was used for the point-contacted BCB-SHJ solar cells presented in [9], we fabricated a-Si:H(n)/c-
Si(p)/a-Si:H(p) diodes which were fully metallized with Al on both sides as depicted in the inset in Fig. 1
on the left. The metallization of the emitter was either 300 nm of thermally evaporated Al, thickened by
e-beam evaporation to 1.5 μm, or 1.5 μm e-beam Al only.
From dark-jV-measurements the VOC of the diodes was ﬁtted using the two-diode equation, which
should be in good agreement with the illuminated-VOC according to [10]. The results are presented in
Fig. 1 on the left-hand side. It can be seen that the values for the ﬁtted VOC are about 100mV lower, when
only e-beam Al is used as metallization. Even though the overall level is relatively low, this leads to the
assumption that x-rays from e-beam metallization can damage the a-Si:H/c-Si interface. This is already
known for the Si/SiO2 interface [11, 12] but has not been investigated for SHJ solar cells yet. A 300 nm
thermally evaporated Al layer seems to lower the loss in VOC, as in similar conﬁguration already observed
for the Si/SiO2-interface for x-ray damage by Blakers et al. [11].
Another possible mechanism of degradation is the interaction of aluminum and silicon, which is known
to occur at temperatures above 400 ◦C for crystalline silicon [13]. However, Haque et al. found that the
interaction between amorphous silicon and Al already takes place at lower temperatures as of 150 ◦C [13].
Since Al metallization was used in former PRECASH solar cells [6, 9], we examined the inﬂuence of the
interdiﬀusion of Al and our a-Si:H(n) layers in this temperature range. To that end we prepared lifetime
samples as depicted in the inset in Fig. 1 on the right-hand side. The samples are based on 3-5Ω cm Fz-
c-Si(n), passivated with layer stacks of a-Si:H(i) and a-Si:H(n) on both sides. After depositing 500 nm
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Fig. 1. On the left: VOC-values ﬁtted from dark jV-measurements of diodes. On the right: photoluminescence intensities of two samples
with single side Al-metallization and one reference sample over increasing annealing temperature. In the insets: the corresponding
sample structures.
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Al using thermal evaporation on one side, the samples were annealed at diﬀerent temperatures and the
photoluminescence (PL) intensity was measured after each annealing step. The implied VOC of the samples
was measured by transient photoconductance decay (TrPCD) measurements prior to the deposition of Al
and annealing using a WCT-100 lifetime tester by Sinton Instruments. On the right-hand side in Fig. 1
one can clearly see the drop in PL-intensity for the one-side metallized samples for temperatures exceeding
150 ◦C. The PL-intensity of the non-metallized references sample even rises, possibly due to thermally
activated restructuring eﬀects in the amorphous layers [14]. We attribute the drop of the PL-intensity to the
interaction of Al and a-Si:H.
For this reason the temperature needs to be kept below 150 ◦C during the solar cell fabrication pro-
cess, when Al is used as a direct contact to a-Si:H. However, temperatures below 150 ◦C which are part of
photolithography will not inﬂuence the passivation.
2.2. Solar cell fabrication
For the fabrication of the BCB-SHJ solar cells with punctiform absorber contacts we used 0.5-1.5Ω cm
Fz-c-Si(p) with <100> orientation and a thickness of 200 μm as absorber. A schematic sketch of the cell
structure is depicted in Fig. 2 on the right-hand side. The solar cells’ front side is textured with random
pyramids and passivated by a SiO2/SiNx stack acting also as an antireﬂection coating (ARC). Emitter and
BSF are formed by 30 nm a-Si:H(n) and 10 nm a-Si:H(p) respectively, which were deposited using plasma
enhanced chemical vapour deposition (PECVD). As emitter metallization we used a layer stack of 100 nm
Ag and 400 nm Al, both thermally evaporated. This ensures that there is no degradation due to x-rays
stemming from e-beam metallization and the Ag buﬀer layer prevents the interaction between Al and a-
Si:H(n). This is mainly as we are currently using photoresist as insulation layer which is annealed for
30min at 200 ◦C to prevent outgassing in the PECVD chamber during subsequent a-Si:H(p) deposition and
to enhance its chemical stability. The metallization of the BSF consists of a 1.5 μm layer of thermally
evaporated Al only. All layers were structured using photolithography and wet chemical etching. The active
area of a solar cell is 1 cm2.
2.3. Solar cell results
The solar cells were measured using a Wacom ”WXS-156S - L2, AM1.5GMM” dual source (tungsten
and halogen lamp) sun simulator with class AAA characteristics at a temperature of (25.0 ± 0.5) ◦C and a
shadowing mask with an opening as large as the active cell area. The illuminated jV-characteristic of the best
solar cell as well as its jV-parameters are shown in Fig. 2 on the left-hand side. The VOC of the best solar
cell is 657mV and therewith far exceeding our previously reported results [9] by approximately 140mV.
With a reasonable jSC of 39.4mA/cm2 and a ﬁll factor (FF) of 65.9%, an energy conversion eﬃciency of
(17.1 ± 0.5)% could be reached.The main limitations will be examined in detail in the next section.
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Fig. 2. Left: illuminated jV-characteristics of the best solar cell measured at STC. Right: schematic cross section of the PRECASH
contact system.
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2.4. Loss analysis
The two main loss mechanisms of the presented solar cell are the FF and the VOC. A reduction of the
FF can either arise from hindered charge carrier transport or from detrimental recombination dynamics e.g.
an injection dependant ideality factor [15]. Whereas the latter would also aﬀect the pseudo-jV-characteristic
of a Suns-VOC measurement, a transport barrier, either ohmic or non-ohmic, would not aﬀect this charac-
teristic. To that end, a Suns-VOC measurement was carried out, as well as diﬀerent methods to evaluate the
series resistance of the solar cell. These are a) the evaluation from two jV-curves at diﬀerent illumination
intensities according to Wolf & Rauschenbach [16] and b) the evaluation of an RS by ﬁtting the illuminated
jV-curve at high forward bias (0.9V to 1V). The chosen illumination densities were 1 and 1.1 suns, attained
by the adjustment of the solar cell simulator’s intensity. The series resistance derived from the intensity
denpendent jV-measurements RS,int.dep is 2.6Ω and the ﬁtted series resistance from the illuminated jV-curve
RS,illu is 1.6Ω as depicted in the table on the right-hand side in Fig. 3.
Comparing the pseudo FF of the Suns-VOC measurement with the FF of the illuminated jV-measurement,
it can be stated that the solar cell suﬀers from a FF-loss of 16% absolute. Subtracting RS,illu from the mea-
sured illuminated jV-curve of the solar cell, the resulting jV-characteristic features a pseudo FF of 74.0%,
thus attributing about 8% of FF-losses to ohmic transport limitations. In the current design of PRECASH
solar cells, the emitter contact layer cannot be contacted directly but only via an opening in the insulation
layer by the second metallisation layer. Due to the process sequence, the a-Si:H(p) BSF is inbetween the
two metall layers. Together with the rather small area of the opening of approximately 200 μm x 600 μm
we attribute the ohmic loss to the feedthrough of the emitter contact layer. Subtracting an RS larger than
1.6Ω from the illuminated jV-curve, would lead to a senseless characteristic of the jV-curve, as for voltages
smaller than the VOC the characteristic would loose its uniqueness. This is leading to the assumption that
the remaining loss in the FF must be attributed to a non-ohmic transport barrier. As three of four transmis-
sion line structures [17] on the same wafer as the analysed solar cell were non-ohmic, this substantiates the
assumption of a non-linear transport barrier and aims at the BSF-contact as the cause. A non-ohmic contact
at the BSF could stem from an insuﬃcient removal of the a-Si:H(n)-emitter layer during structuring. In-situ
photoluminescence measurements as presented by Greil et al. [18] support this assumption as they suggest
that longer etching times are necessary for the complete removal of the a-Si:H(n) emitter layer. Conse-
quently we attribute the diﬀerence of RS,int.dep. and RS,illu to non-ohmic contributions, hence the evaluation
of the series resistance according to Wolf and Rauschenbach cannot be applied.
The other loss mechanism of the solar cell is its low VOC. After the deposition of the a-Si:H(n) emitter
onto the front side passivated absorber the implied VOC calculated from TrPCD measurements was as high
as 695mV, leading to a diﬀerence of almost 40mV compared to the ﬁnal solar cell. Taking the small solar
cell area of only 1 cm2 into account, this could be attributed to the fact that the edges of the solar cells are
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RS [Ω] FFimplied [%]
pseudo-jV (Suns-VOC) - 81.9
calc-jV w/o RS,int.dep. (2.6) (76.2)
calc-jV (w/o RS,illu) 1.6 74.0
measured-jV - 65.9
Fig. 3. Left: illuminated jV-characteristic of the best solar cell measured at STC, as well as the characteristic derived by a Suns-VOC-
measurement and the calculated jV-characteristic without the series resistance RS,illu. On the right: overview of the values for the FF
obtained with diﬀerent methods as well as two series resistancees obtained by diﬀerent methods. The series resistance in brackets has
to be omitted, as it does not ﬁt with the analysed solar cell’s characteristic of the illuminated jV-curve in high forward bias.
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not passivated in the current solar cell process. A further mechanism of VOC-reduction could be a poor
passivation at the gap between emitter and the BSF. Although this area constitutes only 0.5% of the solar
cells backside, a high surface recombination velocity could be detrimental to VOC here. The gap is covered
by photo resist and although we did not measure the passivation quality of photo resist on crystalline silicon,
we assume it to be rather low. Two dimensional numerical computer simulations will be carried out in the
future to examine the inﬂuence of very small but highly recombinative areas on the VOC.
3. Summary
We prepared BCB-SHJ solar cells on p-type absorber with punctiform absorber contacts and found that
the main loss mechanism is a reduced FF. We could attribute this partly to an indirect feedthrough of the
emitter contact and partly to insuﬃcient structuring of the a-Si:H(n) emitter layer. However, we reached an
energy conversion eﬃciency of 17.1%. In the future, the solar cell design as well as the fabrication process
will be adapted accounting for these ﬁndings.
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